being applied to several ornamental plants (Forkmann and Martens 2001; Tanaka et al. 1998 Tanaka et al. , 2005 . For example, Florigene Ltd. and Suntory Ltd. have developed blue-flowered carnations using genetic engineering, and they are currently commercialized in North America, Australia and Japan (Tanaka et al. 2005) .
We have also produced white-flowered transgenic gentians by suppressing the chalcone synthase (CHS) gene using antisense technology . In this case, only 3 of 17 independent transgenic lines displayed white-flowered phenotypes, but other transformants did not lead to successful suppression of CHS gene expression. Moreover, no transgenic gentian plants with suppressed expression of other anthocyanin biosynthetic genes, such as dihydroflavonol 4-reductase (DFR) and flavonoid 3Ј,5Ј-hydroxylase (F3Ј5ЈH) genes, have so far been obtained by antisense and sense suppression technology (Nishihara et al. unpublished results) . The low frequency of down-regulation of the targeted genes was thought result from the use of both the cauliflower mosaic virus (CaMV) 35S promoter and antisense gene suppression technology. It was confirmed
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Takashi Nakatsuka, Kei-ichiro Mishiba a , Yoshiko Abe, Akiko Kubota, Yuko Kakizaki, Saburo Yamamura, Masahiro Nishihara * that the CaMV35S promoter underwent strong gene silencing by sequence-specific DNA methylation in gentian plants (Mishiba et al. 2005) . By screening several promoters, we found that the Agrobacterium rhizogenes rolC promoter could avoid gene silencing and induce semi-constitutive gene expression in transgenic gentian plants (Mishiba et al. 2005) . Sugaya and Uchimiya (1992) have reported that the activity of the rolC promoter was localized predominantly in vascular bundle tissues of transgenic tobacco plants. It is also known that RNA interference (RNAi) can induce more efficient and powerful gene silencing than antisense and co-suppression (Waterhouse et al. 1998; Chuang and Meyerowitz 2000) . Recently, gene silencing by RNAi was also utilized to modify the flower color in some plant species, including petunia, torenia and tobacco plants (Tsuda et al. 2004; Nishihara et al. 2005; Nakatsuka et al. 2007a,b) .
The deficiency of different catalytic steps in the anthocyanin biosynthetic pathway can produce various flower colors in transgenic petunia (Tsuda et al. 2004) . In torenia plants the antisense suppression of CHS led to whiter flowers than did suppression of the dihydroflavonol 4-reductase (DFR) gene (Aida et al. 2000a, b) . Thus, many researchers have reported whiteflowered phenotypes obtained by the suppression of CHS or DFR genes using genetic engineering in floricultural plants. On the other hand, the suppression of F3Ј5ЈH genes, that encode a key enzyme in the biosynthesis of the blue pigment delphinidin, was reported to lead to a pink-flowered phenotype by blocking biosynthesis of the delphinidin pigments in torenia (Suzuki et al. 2000) . A few examples were also reported on the suppression of other genes in anthocyanin biosynthetic pathway, such as chalcone isomerase (CHI), anthocyanidin synthase (ANS), and flavanone 3-hydroxylase (F3H) Nakamura et al. 2006; Ono et al. 2006 ).
Here we report on the flower color modification of gentian plants by RNAi. We attempted to suppress three genes involved in anthocyanin biosynthetic pathway; CHS, ANS and F3Ј5ЈH (Figure 1 ). The flowers of transgenic gentian plants with each of the three genes suppressed by RNAi were obtained and analyzed in detail.
Materials and methods

Construction of binary vectors for RNAi
To suppress several steps of the anthocyanin biosynthetic pathway in gentian plants, we selected three genes as targets of RNAi; CHS (Kobayashi et al. 1998) , F3Ј5ЈH (Tanaka et al. 1996) and ANS (Nakatsuka et al. 2005a) (Figure 1 ). Approximately 500 bp triggers for each gene were amplified using primer sets as shown in Table 1 and then subcloned into a pCR2.1 TA cloning vector (Invitrogen, CA).
Binary vectors with RNAi-induced inverted repeat structures were constructed as described by Nishihara et al. (2005) . Approximately 500 bp of each gene was connected in sense and antisense orientations with the first intron of the caster bean catalase gene (Ohta et al. 1990 ) as a linker. These inverted repeat structures, intCHSir, intF3Ј5ЈHir and intANSir, were driven under the control of the rolC promoter derived form A. rhizogenes (Sugaya and Uchimiya 1992) . Each expression cassette was inserted into a binary vector pSMAB704 harboring the bialaphos herbicideresistance (bar) gene (Figure 2 ). Each binary vector was introduced into Agrobacterium tumefaciens strain EHA105 (Hood et al. 1993 ) by electroporation and used to transform gentian plants.
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Genetic transformation of gentian
A. tumefaciens harboring each binary vector was inoculated into the interspecific hybrid gentian cultivar Albireo as described by Nishihara et al. (2006) . Bialaphos-resistant shoots were transferred onto root-inducing medium. Plantlets were acclimatized and grown in a contained greenhouse. The flowers of transgenic gentian plants were collected for further analyses and stored at Ϫ80°C until use.
Expression analyses of targeted genes in transgenic gentian plants
To investigate the expression levels of flavonoid biosynthetic genes targeted for RNAi, northern blot analysis was performed as described by Nakatusuka et al. (2005a) . Total RNA was isolated from the petals at flower developmental stage 3 as defined by Nakatsuka et al. (2005a) , using Plant RNA Isolation Reagent (Invitrogen, CA). Total RNA of each transgenic line was separated on a 1.0% agarose gel then transferred onto a Hybond Nϩ membrane (GE healthcare, Sweden). Each membrane was hybridized to CHS, F3Ј5ЈH and ANS probes labeled with a DIG-PCR labeling Kit (Roche, Basel) then washed and detected according to DIG standard protocols.
Accumulation of anthocyanin pigments in transgenic gentian plants
To measure amounts of anthocyanin in the petals of rolCproCHSir and rolCpro-ANSir transgenic gentian plants, anthocyanin compounds were extracted from the petals with ethanol/water/acetic acid (10:9:1). Anthocyanin concentrations were determined by measuring the absorbance at 530 nm using a spectrophotometer. The anthocyanidin composition was further investigated in petals of rolCpro-F3Ј5ЈHir transgenic gentian plants. Briefly, the anthocyanidin extracts were hydrolyzed with hydrochloric acid by boiling for 90 min and were then subjected to HPLC analysis. HPLC was carried out with a reverse phase column YMC-Pack Pro C18RS (4.6ϫ150 mm, YMC) for 20 min at 40°C at a flow rate of 0.8 ml min
Ϫ1
. The solvent system consisted of solvent A (0.1% trifluoroacetic acid [TFA] ) and solvent B (acetonitrile containing 0.1% TFA) and the following elution profile; 0 min 60% A, 20 min 30% A, using linear gradients between the time points. Anthocyanidin was quantified by monitoring the peak area of absorbance at 500 nm, with pelargonidin, cyanidin and delphinidin as the standards.
Results and discussion
The flower petals of the gentian cultivar Albireo used as a transformation host showed a blue color ( Figure 3A) . They contained high amounts of delphinidin derivatives and smaller amounts of cyanidin derivatives (see HPLC analysis). By inoculation of A. tumefaciens harboring each binary vector, many resistant calli and regenerated shoots were obtained from leaf sections on selection medium containing bialaphos. Regenerated shoots were rooted on rooting medium. Acclimatized plants were transferred to a contained greenhouse and cultivated. Some transgenic gentian plants produced flowers after growing for more than 1 year in a contained greenhouse. The petals collected from 1-year-old transformants were subjected to further analyses.
Suppression of CHS gene in gentian plants by RNAi
In genetic engineering studies of petunia and torenia, the CHS gene, encoding the first key catalytic enzyme in the Anthocyanin accumulation in these transgenic flowers was significantly reduced; 0.9-86.3% compared with that of wild type (Figure 4 ). Northern blot analysis showed that CHS transcripts decreased in the petals of rolCproCHSir transgenic gentian plants, probably due to degradation by RNAi ( Figure 5A ). The reduction of anthocyanin accumulation almost corresponded with the reduction in stable levels of CHS transcripts in each transgenic gentian plant. Waterhouse et al. (1998) reported that gene silencing caused by hairpin double-stranded RNA was more efficient and stable than that caused by antisense and sense suppression. We have previously produced whiteflowered gentian plants by antisense suppression of CHS . In this case, only 3 lines of 17 transgenic plants (ca. 18%) showed white flowers. In contrast, our present study indicated that the suppression of CHS by RNAi was more efficient (85%) than that using the antisense strategy, although the promoters used were different. Northern blot analysis showed that the rolCpro-CHSir white-flowered transgenic gentian had low-level CHS transcription, even in the most suppressed line ( Figure 5A ), whereas no expression of the CHS gene was detected in the transgenic gentian plants produced by introducing antisense CHS . Therefore, in terms of the strength of gene silencing, the suppression using the antisense strategy was stronger, probably due to transcriptional gene silencing (TGS). That is, although suppression by RNAi was more efficient than the antisense strategy, its ability to suppress gene expression appeared to be slightly weaker in gentian plants. It is likely that if a stronger promoter was used, stronger gene silencing by RNAi could also be induced in gentian. In fact, we recently demonstrated the induction of differential flower pigmentation patterns by RNAi using three promoters with different activity in tobacco (Nakatsuka et al. 2007b) .
We used the rolC promoter derived from A. rhizogenes to express the inverted repeats of CHS fragments in gentian plants. This promoter activity was shown to be localized predominantly in vascular bundle tissues (Sugaya and Uchimiya 1992) . Some rolCpro-CHSir transgenic gentians (for example, clone no. 13) showed an interesting bicolor phenotype with whitening at the petal tips ( Figures 3C, G) . These bicolor-type flowers accumulated more CHS transcripts than did white flowers ( Figure 5A ). Microscopic observation demonstrated that the distribution of vascular tissues in gentian flowers was concentrated in the tips of petals but was absent in the semi-lobed petals ( Figure 3H ). The reduced region of anthocyanin accumulation in rolCproCHSir bicolor flowers was predominantly observed in the tip of petals where the localization of rolC promoter activity was reported. Although primary double strands derived from RNAi can move to only 10-15 of the adjacent cells, de novo synthesis of 21 nt siRNAs is necessary for them to move to more distant cells (Himber et al. 2003) . Thus, it is likely that regionspecific suppression by the vascular tissue-specific rolC promoter could yield the bicolor phenotype in gentian flowers. These results indicated that a tissue-specific suppression technique using RNAi is a useful tool not only to suppress the pigmentation but also to design new flower color patterns.
Suppression of ANS gene in gentian plants by RNAi
We also attempted to suppress the expression of the ANS gene in gentian. The ANS gene encodes a catalytic enzyme at a later step of the anthocyanin biosynthetic pathway (Figure 1 phenotype ( Figures 3D, E) . However, no pure whiteflowered phenotype was observed in rolCpro-ANSir transgenic gentian plants in contrast to rolCpro-CHSir (for example, Figure 3B ). Anthocyanin accumulation in the petals of rolCpro-ANSir transgenic gentian decreased 3.5 to 68.0% compared with that of wild-type plants, and was higher than levels in rolCpro-CHSir petals ( Figure  4 ). In addition, no change of anthocyanin composition was observed in the petals of rolCpro-ANSir compared with that of wild type, nor was any change detected in flavone accumulation, which is another major flavonoid compound in gentian petals (data not shown). Northern blot analysis showed that the ANS transcript was remarkably reduced in some rolCpro-ANSir transgenic gentians ( Figure 5B) . Nakatsuka et al. (2005b) reported that the white-flowered gentian cultivar Homoi resulted from an ANS gene deficiency. This would imply that there was incomplete suppression of the ANS gene expression by RNAi, and the remaining enzyme activity was responsible for the slight pigmentation. One possible reason for incomplete suppression is that the catalytic ability of ANS is higher than that of CHS. Alternatively, because ANS is located at a later step of anthocyanin biosynthesis, the leaked pigments might be easily catalyzed to colored anthocyanin compared with CHS. Similar results have been reported in torenia, where the suppression of ANS by RNAi driven under a constitutive promoter yielded white flowers with various intensity and pattern .
Other than flower pigmentation, flavonoid compounds have been known to be responsible for various biological functions such as pollen viability, plant-microbe interactions, and protection from UV radiation (reviewed in Mol et al. 1998) . Therefore, the deficiency of an early catalytic step, such as CHS, was thought to have detrimental effects on plant growth because the reduction of not only anthocyanins, but also other flavonoid compounds, was induced. Since rolCpro-ANSir transgenic gentian plants did not influence flavone biosynthesis and accumulation, they might be better adapted to environmental conditions than rolCpro-CHSir plants. It is necessary to evaluate the difference in environmental stress tolerance between CHS-and ANSsuppressed lines in field trials in the future.
Suppression of F3Ј5ЈH gene in gentian plants by RNAi
F3Ј5ЈH is a enzyme catalyzing the hydroxylation of 3Ј and 5Ј-residues in the B-ring of flavonoids, and belongs to the cytochrome P450 family. It is responsible for the biosynthesis of delphinidin derivatives. Some transgenic gentian plants with rolCpro-F3Ј5ЈHir exhibited magenta flower colors ( Figure 3F ). HPLC analysis showed that the transgenic gentian clone no. 13 had significantly increased cyanidin derivatives and decreased delphinidin derivatives compared with that of wild-type ( Figure 6 ). Some other lines also tended to contain increased cyanidin derivatives and decreased delphinidin derivatives (Figure 7) . Northern blot analysis showed that F3Ј5ЈH transcripts were significantly reduced using the RNAi strategy in the petals of some rolCpro-F3Ј5ЈHir transgenic gentians ( Figure 5C ). However, the frequency of transgenic lines with suppressed F3Ј5ЈH gene expression was lower than that of the other transgenic lines rolCpro-CHSir and rolCpro-ANSir. Because F3Ј5ЈH belongs to the membrane-bound cytochrome P450 family and therefore has high enzymatic activity, the phenotype when F3Ј5ЈH transcripts were moderately suppressed in rolCpro-F3Ј5ЈHir transformants might be difficult to detect. The pink-flowered gentian cultivar Momokorin and breeding line 13-98 arose from the deficiency of F3Ј5ЈH enzymatic function by the insertion of transposable elements . Therefore, rolCpro-F3Ј5ЈHir transformants showed direct evidence that the deficiency of the F3Ј5ЈH gene led to pink flowers in gentian. Nishihara et al. (2005) demonstrated that both whiteflowered and herbicide-resistant traits were dominantly inherited by progeny in antisense CHS gentian plants. Transgenic gentian plants obtained in this study are also After hydrolysis of anthocyanin, aglycon was separated by HPLC as described in Materials and methods. Pelargonidin (Pg), cyanidin (Cy) and delphinidin (Dp) were also separated as standards (C).
thought to have similar inheritance patterns, and might become useful genetic resources for breeding of elite gentian cultivars. Furthermore, RNAi suppression in gentian will be a useful tool to produce plant materials for studying disease resistance and morphogenesis in future studies. 
